The synergism between nanoparticles and different kinds of halogen-free fire retardants leading to reduction in flammability and smoke generation of polyethylene was investigated. The composites were evaluated by thermogravimetric analysis, oxygen index test, cone calorimeter measurements, and a single-chamber test. Moreover, the semivolatile and volatile compounds evolved in the thermal degradation processes of polyethylene were determined using a steady state tube furnace and gas chromatograph with mass spectrometer. Morphological and structural characteristics as well as thermomechanical properties of the composites were characterized using various techniques including scanning electron microscopy (SEM), X-ray diffraction (XRD), and dynamic mechanical thermal analysis (DMTA). The obtained data were compared to the results received for polyethylene and polymer with bromine-containing fire retardants. The incorporation of nanofillers and halogen-free fire retardants caused a reduction in combustibility as a consequence of the formation of char.
time of the buildings from 17 to 3 min in the past 30 years (1977-2007) . [1] In order to improve the safety of use of plastics, they are subjected to chemical modifications or, more often, flame retardants are added to increase the thermal stability and slow down the combustion process. [2] [3] [4] The fast-growing market of flame retardants at the beginning of the present decade reached a level of 2 million tons per year and is constantly thriving. A total of 1/3 of the world's fire retardants are used for the manufacture of materials meant for the building industry. The number of substances used as flame retardants totals approximately 180, and on the European market, the most popular are as follows: aluminum hydroxides and organophosphorus compounds as well as those of bromine and chlorine which, despite their effectiveness, are being withdrawn due to the corrosive properties of generated gases occurring in the presence of water as well as considerable smoke emission. [5] A significant direction in the research conducted on the increase in plastics' fire retardancy is a synergistic effect occurring between the selected fire retardants, that is, halogen compounds and antimony, bromine and phosphorus, bromine and chlorine, nitrogen and phosphorus oxides. This effect was also observed in the case of fire retardants and nanofillers (polyether oligomeric silsesquioxanes with phosphorus compounds). A positive effect of addition of fire retardants and mineralderived nanofillers on the flammability of polystyrene (PS) was observed by Young et al. [6] The authors reported that the introduction of 3 wt% of modified nanosilica resulted in the lowering of the maximum value of heat release rate (pHRR) by 13% compared to the original PS. However, the use of 20 wt% of fire retardants, containing polysiloxane and borate components, resulted in the reduction in pHRR by 31%, while the use of both components in the above-mentioned quantities caused a decrease of 44%. The application of the silica and fire retardant allowed to obtain the highest value of oxygen index (OI), an absence of smoking and the highest value according to horizontal and vertical flammability tests (UL 94). Isitman et al. [7] demonstrated that the introduction of 1 wt% of carbon nanotubes and 18 wt% of organophosphorus flame retardant (Exolit OP1312) to poly(methyl methacrylate) (PMMA) caused an increase in OI of approx. 32% compared to the original polymer, 20.5% against PMMA with nanotubes, and 4.5% versus PMMA with a flame retardant, respectively. No beneficial effect of the interaction between Exolit OP1312 and nanoparticles was recorded for the analysis conducted using a cone calorimeter. However, the authors pay attention to the importance of nanoparticle dispersion, which could not be achieved in the quoted work. A significant aspect for improving the safety of polymer materials' usage is the reduction in toxic gas emission during their decomposition. There are a number of literature reports concerning the analysis of products evolved in the combustion and pyrolysis of polymers, including PE investigated in this work. [8] [9] [10] [11] [12] [13] [14] In general, the pyrolytic decomposition of polyethylene at low temperatures led to the formation of high yields of carbon oxides and light hydrocarbons. However, the oxygenated compounds, such as acetone, acetaldehyde, acetic acid, or acrolein, are also formed under these conditions. Products evolved in the combustion of PE at high temperatures (800-950°C) are alkyl benzenes, hydrocarbons, alkenes, biphenyls, and polycyclic aromatic hydrocarbons (PAHs), which are always present in any thermal process of an organic compound. [15] The poor fire resistance of PE restricts its application in the units of high fire hazard areas. Incorporation of flame retardants has proved to be an effective way to reduce the flammability and smoke density of PE composites, but the flame retardants could create toxic products during fire. [16] Halogen-based fire retardants (HFRs) act by releasing hydrogen bromide or hydrogen chloride, which interfere with the gas-phase free-radical reactions, typically producing more toxic substances than the cleaner products of complete combustion, that is, carbon monoxide, hydrogen cyanide, hydrocarbons, oxygenated organics (including organoirritants, such as acrolein and formaldehyde), and larger cyclic molecules such as polycyclic aromatic hydrocarbons and soot particulates. The dense smoke obscures escape routes, while the resultant hydrobromic and hydrochloric acids are highly corrosive, which significantly increasing the costs of fires.
[17]
Moreover, brominated flame retardants (BFRs) may cause the formation of toxic polybrominated dibenzo-p-dioxins and dibenzofurans (PBDD/Fs) and mixed polybromochlorodibenzo-p-dioxins and dibenzofurans (PBCDD/Fs or PXDD/ Fs). [18] While some systems, such as halogenated compounds, are in the process of being banned due to health and environmental concerns, other systems such as the use of relatively low amounts of nanoparticles or the synergistic effects of flame retardants from various families show very promising results. [19] Bocchini et al. [20] investigated the stabilization mechanism of the thermal and oxidative degradation of multiwall carbon nanotubes (MWNTs)-linear low-density polyethylene (LLDPE) nanocomposites. Among the products emitted during the pyrolysis of composites that the authors identified were hydrocarbons. While during the oxidative degradation of LLDPE, the products of combustion include the following: carbon dioxide, carbon monoxide, and small amount of hydrocarbons. Unfortunately, there is no accurate knowledge on the impact of all kinds of new fire retardants on the amount and type of evolved toxic substances. The purpose of this study was to explore the efficacy of the physical modification of high-density polyethylene by selected nanofillers and halogen-free fire retardants, leading to a reduction in the flammability and fumes emission. The thermal stability, flame retardancy, and smoke emission of the produced materials were evaluated by thermogravimetric analysis (TGA), cone calorimetry, oxygen index (OI), and a | SAŁASIŃSKA et Al.
single-chamber test. Moreover, the steady state tube furnace (Purser furnace) has been used to generate toxic products under different temperature conditions. The released species were identified using gas chromatography with mass selective detector (GC-MS). Moreover, morphological and structural characteristics as well as thermomechanical properties of the composites were characterized. The investigations were of a preliminary nature, allowing for the setting of the course of further research.
| EXPERIMENTAL

| Materials
The high-density polyethylene (PE-HD) Hostalen GC7260 from LyondellBasell Industries Holdings, with a melt flow index of 21 
| Processing
Mixing of the polymer, nanofillers, and powdered fire retardants was performed using an injection process. Next, the mixtures were ground with an industrial mill, and the obtained powder was subjected to an injection process using a FORMO-PLAST 80 from PONAR ZYWIEC. During the sample preparation, the temperature profile, starting from the hopper of the injection molding machine, was 180/190/205/210°C, while the injection speed was equal to 30 mm/s. The time and pressure of clamping were 30 s and 50 MPa, respectively. The mold temperature was 28°C, and the cooling time reached 150 s. System 1 and 2 contained each 12 wt% of two chosen halogen-free fire retardants and 6 wt% of nanoclay, while System 3 and 4 included each 14.5 wt% of two selected fire retardants and 1 wt% of nanotubes. The total share of flame retardant and nanoparticles in the investigated materials reached 30 wt%. For comparison reasons, samples from unfilled polymer (PE-HD) and with 30 wt% of halogen fire retardant (PE-SAY) were also prepared. The composition of the analyzed materials is compiled in Table 1 .
| Characterization methods
Structure description of the materials was performed by scanning electron microscopy (SEM) using a Hitachi TM3000 microscope with an accelerating voltage of 15 kV. Prior to SEM analysis, the samples were coated with gold to increase their conductivity. The magnification of 500× was used.
Powder XRD data were collected on the Empyrean diffractometer (PANalytical). Measurements employed Nifiltered Cu K radiation of a copper-sealed tube charged with 40 kV voltage and 40 mA current using Bragg-Brentano geometry with beam divergence of 0.5° in the scattering plane. Diffraction patterns were collected in the range of 5-80° 2 theta angle with the step of 0.008°.
Differential scanning calorimetry (DSC) was performed using a TA Instruments DSC Q1000 under a nitrogen atmosphere and samples weighing approximately 10 mg. Thermal transition temperatures of all the investigated materials were determined using dynamic scans performed from −90 to 250°C with a heating rate of 10°C/min and from 250 to −90°C with a cooling rate of 5°C/min. The crystal weight fraction X c was computed from equation:
where: ΔH c is the enthalpy of the exothermic reaction of the sample, and ΔH 0 c = 290 J/g is the enthalpy of the exothermic reaction of a perfect orthorhombic crystal of polyethylene. [4] The dynamic mechanical thermal analysis (DMTA) was carried out on a TA Instrument DMA Q800. The study was performed using rectangular-shaped samples and a two-point bending method. DMTA was performed using a constant frequency of 1 Hz and amplitude of 15 μm. A heating rate of 3°C/min and a temperature range between −130 and 120°C were applied.
A thermogravimetric analysis (TGA) was carried out on a TA Instruments TGA Q500. Each of the investigated materials was tested in an atmosphere of nitrogen and air with flowing gas at a rate 30 ml/min in the chamber and 70 ml/min in the oven. The samples were heated from room temperature to 900°C at a rate of 10°C/min.
The flammability properties of nanocomposites and reference materials were examined by an oxygen index (OI) test, according to the summary procedure described in EN ISO 4589-2, on beam 150 × 10 × 4 mm.
Evaluation of fire reaction of the materials was characterized by a cone calorimeter device from Fire Testing Technology Ltd. The specimens with the dimensions 100 × 100 × 6 mm were placed in an aluminum tray and irradiated horizontally at a heat flux of 35 kW/m 2 . Spark ignition was used to ignite the pyrolysis products. (5 g) in special specimen test boats were delivered into the steady state tube furnace (ISO 19700) set at 25°C. Then, the samples were heated to 900°C with airflow 20 l/min. When the furnace temperature reached 300, 450, 600, and 900°C, it was maintained for 5 min to enable collecting the samples of fire products. The collection of analytes from a mixing chamber of tube furnace was performed with the use of a solid-phase microextraction manual holder supplied with carboxen/polydimethylsiloxane 75 μm fiber acquired from Supelco. The sorption and desorption time were 5 and 30 min accordingly. The chromatographic separation was achieved with an HP-5 MS fused silica capillary column (30 mm × 250 × 0.25 μm film thickness) from Agilent Technologies. The oven temperature was initially maintained at 40°C for 10 min and then increased to 250°C at a heating rate of 10°C/min. Helium at a constant flow rate of 1 ml/min was used as the carrier gas, and the split ratio was 10:1. The separated compounds were then analyzed by the mass spectrometer, which was operated in electron ionization (70 eV). The mass spectra were obtained from m/z 15 to 350. Chromatographic peaks were identified by comparing the mass ions of each peak with NIST MS Library.
| RESULTS AND DISCUSSION
| Morphology study
The analysis of investigated materials' structures was carried out basing on images taken with the use of scanning electron microscope (SEM). Photographs of sample fracture at 500× magnification were presented in Figure 1 . Analysis of SEM images allowed to observe the presence of particles of fillers in the entire volume of materials. Unfortunately, uneven distribution of fire retardants in polymer matrix causes the heterogeneous structure of the materials and will affect its properties. Particles of different size, visible on microstructure photographs, belong to different fillers constituting the elaborated flame retardant systems. Furthermore, the presence of agglomerates, especially in the case of systems 1 and 4, was observed. Sparse voids, which were distributed in the polyethylene matrix, may be the effect of loss of the fillers' particles. This observation indicated poor adhesion between the components.
| Structural characteristics
To verify the presence of the crystalline phases in the investigated materials, the powder X-ray diffraction (PXRD) technique was employed ( Figure 2 ). The diffractogram of PE-HD had a very intense peak at 2θ = 21.6°. In the diffractograms of modified polyethylene samples, this peak became smaller and in most cases moved to a slightly lower angle, which indicates that the crystal structure of polymer was reduced. [21] In addition, a new peak around 2θ = 18.2° appeared for systems 1, 2, and 3, which was identified as the aluminum hydroxide. These results suggest that aluminum hydroxide was not dispersed uniformly in these materials, but rather formed separate crystalline grains within the polymer matrix. The presence of crystalline phase of decabromodiphenyl oxide was also observed in the case of PE-SAY. Other applied fire retardants were well dispersed in the materials and did not form any separate crystalline grains, as concluded from the PXRD results. The thermal effect on the PE-HD and composites was examined using a DSC calorimeter. From the heating cycle, characteristic endothermic reactions were detected. The solid-liquid phase transition is an endothermic event and appears as endothermic peak in DSC thermograms (Figure 3a ). These endothermic peaks are connected with the melting crystalline phase. In semicrystalline polymers, the portion of the crystalline phase has an important influence on almost all the physical properties of materials. [22] This is important to investigate the influence of the fillers on the change in degree of crystallinity of polyethylene. The melting temperature connected with the melting crystalline phase (T m ) and the enthalpy of this change (ΔH m ) were designated and presented in Table 2 . After the heating step, the crystallization behavior of the PE-HD was determined from the peak temperature of the crystallization exotherm (T c ) and the enthalpy of this change (ΔH c ).
The addition of halogen-free flame retardants-nanoparticles system to the polyethylene changed the amount of crystalline phase of polymer, which are in accordance with PXRD results. All composites show only one crystalline and melting temperature peak, indicating the existence of one type of crystal species on PE matrices.
The temperature T c and T m oscillate between 119.8-122.6 and 131.6-133.0°C, respectively. The influence of fire retardants and nanofillers makes changes in the crystalline and melting temperatures. The crystalline temperature T c increases for PE-HD composites and is the highest for System 3 with MWNTs, whereas the melting temperature T m decreases for PE-HD composites. The filler probably reduces the lamellar thickness of crystallites, and it leads to a decrease in the melting temperature. [23] The enthalpy of crystalline and melting peaks of PE-HD reached 215.0 and 183.8 J/g, respectively. The enthalpies of composites are lower than for PE-HD. The addition of fillers causes a lower amount of the crystalline phase (X c ) ( Table 2 ). The addition of halogen-free flame retardants-nanoparticles system to the polyethylene changed the X c of polymer. In the case of PE-HD composites with I.31 PS, their X c was the lowest from all the materials and occurred at 60% and 61%. The PE-HD composites with MWNTs also have lower X c than unmodified PE-HD. However, for these materials, the value of X c is higher than for composites with I.31 PS. Probably, this is the effect of introduction of MWNTs, which caused the formation of nanofiller network structures in the polymer matrix and promotes the formation of strong, tough, and tight carbonaceous barrier. 
| Thermomechanical properties
Dynamic mechanical thermal analysis (DMTA) was performed for neat polyethylene and its composites to obtain further information on the mechanical properties and molecular motions. DMA is a method that measures the stiffness and mechanical damping of a cyclically deformed material as a function of temperature. [24] The curves of changes of the storage modulus (E′) and the loss modulus (E″) for PE-HD and composites are shown in Figure 4 . The results obtained based on the analysis of the curves are listed in Table 3 . Storage modulus E′ value for different temperatures: 0, 30, and 60°C were determined (Table 3) . Modulus E′ of samples in most cases decreased along with growing temperature in result of a higher mobility of chains of polymer's macroparticles. Higher values of E′ in usability temperature range of composites, assigned to systems with MWCNs, are connected with higher rigidity and lower propensity to mechanical vibrations attenuation.
Through the analysis of the curve E″ (Figure 4b ), watching the shape, position, and height of the peak, it is possible to determine the degree of order and a free movement of the polymer chains. Modulus E′ is proportional to the portion of the stored energy while modulus E″ to part of the energy converted into heat and irreversibly lost. [25] Tan δ value corresponds to the ratio of loss modulus (E″) to the storage modulus (E′). In tested PE-HD and composites, the T γ appears at −111°C. This peak is assigned to chain relaxation in the amorphous phase [26] and is almost the same for all materials.
The next temperature T α is assigned with the relaxations of side groups or short branch points and appear at the range from −34 to −67°C. The increase in the mentioned above temperature for systems 2, 3, and 4 was caused by the limited mobility of microparticles. [27] The third temperature T α is interpreted as the relaxation of the constrained molecules with reduced mobility located near the crystallites or as T A B L E 3 DMA data of fire retardants system and references materials vibrational motion and reorientation within the crystals. [28] The correlation between the temperature of the α peak (T α ) and the average crystallite thickness is evidence of thermal activation of the migration of defects throughout the crystalline phase. However, chain folds, loops, and tie molecules that are directly connected with the chain stems in the crystals have often been claimed to contribute to the relaxation process. [22] This temperature increases for composites and occurred in the range from 53 to 59°C. Addition of fire retardants and nanofillers causes the formation of macroparticles containing structural elements, making their movement difficult. Differences in thermomechanical behavior of investigated composites may result from multicomponents of flame retardant systems introduced to the polyethylene matrix.
| Thermal stability
The thermal stability of the investigated materials was evaluated by the temperature of 5% weight loss (T 5% ), the temperature of maximum rates of weight loss (T max ), and information on maximum intensity of degradation, as well as percentage of char residue at 900°C. Thermogravimetric results for analysis conducted in nitrogen and air atmosphere are summarized in Table 4 .
The TGA plots of the pyrolysis and thermo-oxidative of the reference materials and PE-HD composites are shown in Figure 5a and b, respectively. Pyrolysis and thermooxidative degradation of each investigated material show curves with congruous mass loss profiles. The initial degradation temperature, defined as T 5% , for neat polyethylene was 424°C under nitrogen and 313°C under oxygen atmosphere proving that oxidative degradation occurs at lower temperatures than pyrolysis. [29] The PE-HD had one stage of weight loss, corresponding to a single DTG peak, which appeared at approx. 470°C. The residue percentage for virgin polymer was the same for tests conducted in nitrogen and air atmosphere and reached less than 1% of the initial mass. The introduction of bromine-containing fire retardants led to pyrolysis starting at lower temperatures (335°C) compared to neat PE-HD, while its thermooxidative degradation occurred at 322°C. The thermal decomposition process of PE-SAY had two stages corresponding to T max of 374 and 473°C, respectively. The first step of decomposition is ascribed to the degradation process of decabromodiphenyl oxide, and the second corresponds to degradation of polyethylene. The weight loss was approx. 99.7% under nitrogen and nearly 100% under air atmosphere left no char residue. This demonstrates that the employed flame retardant delays the initial thermooxidative degradation temperature of the material but does not inhibit the process. The addition of halogen-free flame retardants-nanoparticles systems to the polyethylene changed the thermal stability of polymer. The onset of degradation of the composites occurred earlier compared to unmodified PE-HD, both under nitrogen and air atmosphere, due to the lower decomposition temperature of the used fire retardants. Some of the flame retardants (i.e., phosphorus compounds) are able to decompose at lower temperatures, reacting with polymer and helping create the char. [30, 31] Whereas retardants based on aluminum hydroxide degrade at an elevated temperature release water which dilutes the atmosphere containing flammable decomposition products of the polymer degradation and forms metal oxides showing higher heat capacity. [31] Reducing the degradation temperature of polymer, as a result of the introduction of flame retardant, has been reported in the literature. [30, 31] The temperatures of 5% weight loss of materials containing nanoclay were slightly lower against those with carbon nanotubes, especially in inert atmosphere. However, in the case of systems 1 and 2, a higher residual mass at 900°C was observed, for which the char yields reached 20%. The residual char was significantly increased in all the composites compared to neat polymer, and the best results were shown by system containing zinc borate, aluminum hydroxide, and nanoclay. The formation of a char layer caused a reduction in the weight loss and increased the thermal stability of materials at higher temperatures.
[32]
T A B L E 4 In the case of PE-HD composites with I.31 PS (Systems 1, System 2) and MWNTs (Systems 3, System 4), their thermal decomposition presented two or three mass loss stages. The mass loss steps at the temperature range of 270-320 and 345-375°C are attributed to the degradation of fire retardants (Figure 5c ). In the literature, we can find that zinc borate had three stages of weight loss between 300 and 350°C, at 360°C and at 420°C, [33] in which released water, boric acid, and boron oxide. [34] Aluminum hydroxide degraded at 227-260°C and 277-331°C which are ascribed to the water release and at 471-561°C attributed to the elimination of water to generate aluminum oxide. [35] The last peak presented in the DTG curves of the PE-HD, the composites made from it, and also polyethylene with bromine-containing fire retardant corresponds to polymer decomposition. T max3 of PE-HD and PE-SAY was almost the same, while for composites, the temperature values were reduced, which suggested that halogen-free flame retardants-nanoparticles systems could catalyze the degradation of a polymer matrix. [30] However, information on maximum intensity of degradation read from DTG curves indicates that composite decomposition rate was lower compared to unmodified polymer. The lowest intensity of degradation in T max3 was recorded for systems contained nanoparticles, zinc borate, and aluminum hydroxide (1 and 3). The number of peaks on the DTG curves performed in air is higher compared to research carried out in inert atmosphere, which is associated with a greater number of transformations occurring under aerobic conditions.
| Fire behavior
The results obtained from the oxygen index test of PE-HD compositions are summarized in Table 5 . The introduction of fire retardant caused the increase of the oxygen index (OI) values compared to unmodified polyethylene, for which OI was not less than 20%. The best result from all the investigated materials was achieved for the sample with halogen fire retardant (PE-SAY), while from the composites, the sample contained nanoclay, aluminum hydroxide, and dizinc pyrophosphate (System 2). Figure 6 shows the digital photographs of reference materials beams during (a) or after the OI test (b). It was observed that neat polymer was dripping during the combustion and the same effect was recorded for PE-SAY, for which OI was achieved at least 26% (Figure 6b ). However, the dripping was not observed in the case of the materials with halogen-free flame retardants-nanoparticles systems, despite the lower values of the examined parameter obtained by them. It can be found in the literature that the proper dispersion of a few percent of nanofillers in the polymer matrix leads to a reduction in the dripping of plastics. [31] The introduction of investigated flame retardant systems caused a shortening in time to ignition (TTI) of polymers from 117s, recorded for unmodified polyethylene (PE-HD), to even 48s ( Table 5 ). The presence of the nanoparticles and halogen-free fire retardants might catalyze the polyethylene decomposition, which could be a reason for the decrease of the time to ignition values. [30] These observations are consistent with the thermogravimetric analysis. The other explanations suggested that the absorption of radiation, especially near the surface of composites containing nanoparticles and having a higher viscosity, at the first stage of combustion leading to reduction of heat conductivity. [14] Only for the reference material PE-SAY, a prolonged time to ignition, compared to the PE-HD, was observed. It was also reported that, for most of the samples, except the mentioned PE-SAY, the time required to completely extinguish the materials was significantly extended. Nearly double growth in the time to flameout of composites suggests the improved fire resistance. These results are in accordance with those presented in the literature. [30, 36, 37] On the Graph 7, heat release curves of PE-HD and PE-SAY with polymer containing halogen-free fire retardants and nanoclay (A) or carbon nanotubes (B) were juxtaposed. The heat release rate curve of unfilled polymer was The values in parentheses are the standard deviations. characterized by a sharp peak with a maximum value of 759 kW/m 2 ( Table 5 ). The significant reduction of the peak of heat release rate (pHRR) with respect to neat polyethylene was observed for composite samples. In Figure 7 , it can be seen that, in most cases, prior to the pHRR, there are shoulder peaks in HRR curves. The lowest result, more than twice lower compared to PE-HD, was recorded for composites containing MWNTs and fire retardants based on aluminum hydroxide and zinc borate ( Table 5 ). The introduction of the above-mentioned systems led to the formation of protective char layer, which prevented heat transfer and evolving decomposition products of PE. It was observed that the char barrier was created at the surface of the sample, but the material was consumed inside (approx. 28% remain from the initial mass). The residue has the form of swollen char, shaped in multicellular layers. The pictures in Figure 8c show the composite containing flame retardant system number 3 after combustion. Intumescent effect was also observed for composites with system 1 (Figure 8d ). The synergist effect of a combination of aluminum hydroxide and zinc borate led to a reduction in the flammability of a polypropylene was confirmed by Ramazani et al. [38] Obtaining the better results (OI, pHRR) for system 3 compared to system 1, which contained the same fire retardants and nanoclay instead of nanotubes, suggested a synergistic effect also between mentioned above substances and MWNTs. Probably, multiwalled carbon nanotubes act as flame retardant synergistic agent of aluminum hydroxide in the investigated materials, which is in accordance with the results presented by Ye et al. [39] The authors explained that the introduction of MWNTs caused the formation of nanofiller network structures in the polymer matrix contained magnesium hydroxide and promotes the formation of strong, tough, and tight carbonaceous barrier. [39] If the application of flame retardant compositions leads to an increase in flame retardancy compared to the sum of efficacy that they exhibit during their individual application, there is a synergic effect. Occurrence of a synergistic effect between different kinds of nanofillers and halogen-free fire retardants has been confirmed in the literature. [6, 7, 30, 39] In the case of the material PE-SAY, the selected bromine flame retardant only delayed ignition of the polymer, but proved to be ineffective in the HRR reduction and inhibition of the combustion process. The pHRR values were in opposition to the results obtained from an oxygen index test.
F I G U R E 6
The maximum average heat release emission (MARHE) is a parameter corresponding to the peak value of the accumulated heat emission divisible by time, which allows for foreseeing fire development in the full-scale conditions. In the case of the analysis composites, a slight reduction in the MARHE values was recorded for Systems 1, 2, and 3, but also for reference materials PE-SAY. The above-mentioned results are in compliance with the fire growth rate index (FIGRA), which is the ratio of maximum HRR and the time to its achievement. Incorporation of additives led to a considerable decrease in FIGRA values for the majority of investigated materials, and the highest reduction (approx. 62% of reduction compare to PE-HD) was achieved for polymer modified by carbon nanotubes and fire retardants based on aluminum hydroxide and zinc borate. The presence of additives increases the time to pHRR in most investigated materials causing the growth of the fire growth rate index. This dependence was not observed in the case of material modified by MWNTs, melamine orthophosphate, and sodium bicarbonate, for which the maximum value of HRR occurred at the beginning of the test, may be misleading with respect to the assessment of the combustibility of the sample. Reduction in the MARHE or FIGRA values, as a result of the synergist effect between nanofillers and halogen-free fire retardants, can be found in the literature [30, 40] and are in conflict with results presented in other studies. [7] 
| Fumes emission analysis
A phenomenon accompanying the fire is a smoke emission which is a gaseous phase and the liquid or solid products of incomplete combustion. To determine the fumes emission, a cone calorimetry test (dynamic method) and a singlechamber test (static method) were used. In dynamic method, smoke flows through the measurement area in the participation of additional gas flow, while in the static one, smoke is accumulated in the closed chamber. [41] The effect of nanoparticles and halogen-free fire retardants on the smoke emission of the investigated composites is summarized in Table 6 . Smoke extinction area (SEA) is a parameter, determined via the cone calorimeter test, corresponding to absorbing of light by the surface of smoke particles, generated during combustion of 1 kg of material. [41] Use of bromine flame retardant resulted in more than five times increase in value of SEA compared to unmodified polyethylene. The best result from composites, which amounted to 244 m 2 /kg, has been determined for System 4. Similar relations have been noted for a total smoke release (TSR), in respect of which definitely the highest value compared to PE-HD was recorded for the material PE-SAY. The increase in the TSR of modified polyethylene may be caused by an uncompleted burning of the formulation in forcedflaming conditions. Similar observations can be found in the literature. [30, 36] The static (cumulative) method used for determination of the fumes emission of plastics, used among others for materials utilized as elements of rail transport, is optical density measurement carried out by a single-chamber test. The optical system allowed for the continuous measurement of the optical density of smoke (Ds) ( Table 6 ). VOF 4 is a sum of optical densities measured in first 4 min of the specimen exposure to heat flux. The significant differences between the Ds max were recorded. The problem that occurs during the tests was the intense burning of the samples, which may affect the results of the study. The introduction of additives in the form of nanoparticles and/or fire retardants caused decrease in the maximum specific optical density for the most of investigated compositions. The antisynergist effect was observed only in the case of composites with nanoclay and fire retardants based on aluminum hydroxide and zinc phosphate for which the highest value equals 1015 was achieved. The best results, almost three times lower compared to neat PE-HD, was reached for composites modified by nanotubes, melamine orthophosphate, and sodium bicarbonate. A sodium bicarbonate, in combination with above-mentioned component, proved to be a good smoke suppressant. VOF4 indicating how much smoke is produced within the first four minutes of fire, which is important due to the effective evacuation of victims.
The lowest values of m/a parameter were set for reference materials PE-HD and PE-SAY; whereas among the composites, the lower values were recorded for material containing nanofillers and halogen-free fire retardants system Number 1.
| Fire smoke toxicity analysis
The chromatograms obtained during the analysis of gases evolved during the thermal degradation of selected polymer materials at different temperatures (300, 450, 600, 750, and 900°C) are shown in Figure 9 . From Figure 9 , it can be observed that the emission of CO, CO 2 , and organic compounds is very high; consequently, the combustion runs were carried out under oxidative conditions. On the basis of the obtained results, it can be clearly seen that thermal degradation processes begin at 300°C, regardless of the composition of the material and F I G U R E 9 Total ion chromatograms from analysis of gaseous compounds obtained during thermal degradation of PE-SAY (a) and System 3 (b). The numbers correspond to the products in Table 7 0,0E+00 largest number of products of thermal degradation is emitted when the process occurs at 450°C. Some oxygenated compounds appear when the thermal degradation occurs in these conditions. They are intermediate products that are not very stable, so high temperatures allow their destruction. At higher temperatures, the number and yields of evolved gases decrease. Therefore, for further research related to the identification of hazardous substances emitted during thermal degradation of selected materials, the temperature 450°C was chosen ( Figure 10 ). The smallest number and the amount of harmful substances are created during thermal decomposition of polymer with System 3 (19 compounds), 4 (23 compounds), and 2 (14 compounds). In addition, among the products emitted by the sample designated as System 3 and System 4, the toxic phenol was not identified. Table 7 shows the concentrations of released compounds during thermal degradation of selected polymer materials using Purser furnace and SPME method for sampling gaseous samples emitted at 450°C. The type of products formed during the measurements depends on the composition of the test material. However, some products such as carbon oxides, benzene, phenylethene, styrene, naphthalene, 2-methylnaphthalene, biphenyl, 2-ethenylnaphthalene, acenaphthylene, and fluorine are present in all the gaseous samples, also in PE-HD. The largest quantity and number of products are created during the thermal decomposition of the samples PE-SAY and composites contained System 1. The sample of PE-SAY, which contains the brominated flame retardants, emits brominated substances such as 1,3,5-tribromobenzene during decomposition. This is a particularly undesirable phenomenon because it can lead to the formation of polybrominated dibenzo-pdioxins and dibenzofurans, mixed polybromochloro-dibenzop-dioxins and dibenzofurans.
| CONCLUSION
In this study, the morphology, the thermomechanical properties, the thermal stability, fire behavior, emission, and toxicity of smoke of PE-HD modified by nanoparticles and halogen-free fire retardants were investigated. Thermal stability and flammability of prepared materials were analyzed by TGA, OI test, and cone calorimeter measurements. The emission and toxicity of fumes were determined using cone calorimetry, a single-chamber test, and a steady state tube furnace with gas chromatograph and mass spectrometer.
Despite the use of the similar halogen-free fire retardants-nanoparticles systems, the investigated polymeric materials demonstrated different flammability and amount of fumes emission. Adding the fire retardants systems caused increase in char yield and OI values and also improved fire resistance in the cone calorimeter test. In most cases, the introduction of the above-mentioned systems led to evolving nonflammable gas phase and formed protective char, which prevented the heat and mass transfer. The best results were obtained for composition containing carbon nanotubes, zinc borate, and aluminum hydroxide (System 3), for which a synergist effect was observed. This is supported by the fact that the use of 6 wt% of nanoclay, instead of 1 wt% of nanotubes, does not provide such good results.
In the case of fumes emission, the most promising results were reached for polyethylene modified by nanotubes, melamine orthophosphate, and sodium bicarbonate. However, the reduction in smoke emission compared to PE-HD with bromine flame retardants, and in the static method also to neat polymer, was observed too for systems containing nanoparticles, zinc borate, and aluminum hydroxide.
During thermal degradation and the combustion of polyethylene, a wide range of products is formed. The type and quantity of generated substances depend on the composition of the material which is burnt and of the temperature at which the process is carried on. At low temperatures, the heavy aliphatic hydrocarbons were found. When temperature increased, they turned into volatile compounds and polycyclic aromatic hydrocarbons. Compounds such as naphthalene, benzene, acenaphthylene, fluorine, and anthracene were obtained with the highest yields. The smallest amount of toxic products of thermal degradation was emitted by the samples containing fire retardants System number 3.
In general, the formulations containing the multiwalled carbon nanotubes, zinc borate, and aluminum hydroxide exhibited better combined properties of fire behavior and production of nontoxic of smoke, which is more suitable to produce halogen-free retardant PE-HD-based products.
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